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ABSTRACT

We have studied three transitions of the CCSmoleculetodeternine pnysical
conditions in L.1498 and TMC1-D). two narrow-line dense cores inthelayurustegion.
We observed the NJ =13 -. 01,34 -- 23,and 7s - * 67 transitions at 22.3. 45.4.
and 93.9 GHz, respect jvely, a 50" an gular resolution. The intensities 01’ :heemission
lines have been analyzed using statistical equilibrium calcula tionsandcodision rates
calculated for the CCS-Hq systern. 1 nese were outained {rom 0 e \[glscn: scatienng
code together with inclusion of spindependence:atlund’scase (bhimodel. Wetind
that the kinetic temperature in both sources is extrernelylow betweeniandiOK.
Thel, 1498 emission appears tooriginate in asingle velocity componen: witimean
hydrogen density 3 to 14 x 10" cm3. Weanalyzedthrze velocity componantsin TMC
1.D separately, and find that the low-velocity component has a rieanli;deusityof 6
X 10°cm~3, while the two hig her-velocity components are denser by approximaely a
factor of three. The 11498 core is close to virial equilibriumin that the magnitude
of its gravitational energy isclose to that of its kinetic energy. However.the cores
corresponding; to the three velocity componentsin T MC-1D) are unbound by factors of
two to seven.
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Subject headings: 1SM: individual (Taurus, 1.1498)- ISM: molecules (CCS) - physical
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We dedicate this paper to the memory of Sheldon Green, who passed away in December
1995. Sheldon was an outstanding chemist who made many significant contrib utions to molecular
astrophysics.
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1. Introduction

Dark clouds are the less massive and colder subset of molecular clouds, with typical masses
10* 10°Mg and kinetic temperat ures8-15K. Specifically, low mass (M ~1M;)starformation
is thought to occur in sub-condensations of dark molecutarclouds known as dense cores. T e
association betweenthese cores and stars is significantlylarger than would occur through random
scattering of starsin dark clouds. For example, Beichma n et al. (1986) used the 1ii,-\S survey o
search for newly formed starsin nearby dense cores, and found [RASsourcesind7 01" 95 aense
cores surveyed.

Mvers, Linke & Benson (1983) conducted the first large radio survey of dense cores. They
identified nearly 100 cores as small (< .5") spots of visual extinction on Palomar plates. They then
confirmedtheclassificationof theseregions as dense cores by observing corresponding enhanced
emissionin the J=: 1 - . O transition of ¥ CO and C!*0.Mapping siudiesof cores revealthat
they tend to be centrally condensed and that there may be a clurmpy subst ructure GO the gas they
contain as well (Snell, I, anger & Frerking 1982, Langer et al. 1893}, Myers & Benson (1983)
conducted a survey which indicates that most dense cores appearto be close tovirialequilibeium
or in the early phase of collapse. However. the uncertainty in their derived core masses and sizes
clid not alow them to determine de finitivelyif coresare gravitationally bouna entities or simpiy
transieut aggregations of gas. Asimilar question arisesfor clumps which have beendetected
within the cores.

Most cores arenotspherical, but have aspect ratios of ~1:2, and may have a compiex
internal structure as well. Abouthalf of the cores in the Benson & Mvers (1989) studv exhibited
non-g aussian spect ralline-shapes,possibly indicating the presence of internal structure. naps of
cores in various molecular species demonsirate that different molecular tracers may revealvery
different morphologies within the same core (Suzuki et al. 1984, Myers op al. 1091, Swa de 19391,
These differences may result from variations in temperature. densior.chermicalabundarces
within a core, fursher cotunlicating sne piciure 01 these objects.

Aninteresting feature of many of the cores in the NH; survey of Benson & Myers(1989)+s
their remarkably narrowlinewidths, whichrange from 0.20 to 1.38 ki s~ !.For comparison, the
thermal linewidth of NHz at 10 K i1s 0.17 &mn s~ ! Cores which are associated with JRASsources
have considerably largerlirewidthsthanstariess cores. T'hus,either the stars themselves produce
large-scale turbulent rnotions within the cores through mechanismssuch assteilar outflows, or the
processes leading up to star formation cause turbulence. Many of the starless cores in the NHj
survey hav,a linewidth bareivlarger than that due to thermal Doppler broadening. Such narrow
lines indicate alow level of turbulent motionsin the core. The linewidth of emission lines in a, core
is a result of both thermal Doppler broadening and nou-t herrmal motions of the gas which addia
quadrature to give the total observed linewidth, i.e.

(AVior)® = (AV)? + (AVL) (1)

Thethermal linewidth has the form AV, - 2(2(n(2)x7'/m)°-5 where k is Boltzmann's constant,
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7" is the kinetic temperature of the gas, and m is the mass of the observed molecule. The
non-thermal portion of the linewidthmay arise from such phenomena as rotation, gravitational
collapse, turbulence, or other large scale motions within the core. Fuller & Myers (1992) showed
that turbulent motions tend to increase with increasing core size.

Because non-thermal velocity dispersions as small as 0.04 ki s~! have been observed in dense
cores (Tuller & Myers,1993; Langer et al. 1995), it is advantageous to employ a molecule with a
comparable or smaller thermal dispersion to study dense cores. Fora kinetic temperature of 10K,
an ideal molecular tracer would have a mass > 50 amu. Long carbon chain molecules,including
the cyanopolyyenes (HCqpy N, N =1,2, 3, 4, ), Cobl (n = 1. 2.3, 4, 5.6)and G S(n=1.2.3)
thus make good tracers of dense regions. Additionally, long chain molecules have large moments of
inertia, producing closely spaced rotationalenergylevels, which vieldmany observable tiansiions.
‘I"'he abundances of different kinds of carbon chain moleculesin a core are oftencorrelated. Suzuki
et a. (1992) postulate that carbon chain moelecules are abundant in eariy evolutionary periods
of cores, and become less common at latertimes as the carbon tends to become bound upinto
CO. In their survey of CCS in dense cores, they noted that CCS was significantly more likels to
be found in cores without stars than in cores with stars. They also found this molecule to be
widespread, detecting CCSin 68% of cores observed in the Taurus region. Thus, CCS saould be a
good molecule with which to determine conditions in pre-protoste®ar cores.

Touse CCS as a tracer we must be able to predict its line emission under a variety of
physical conditions. CCS has no hyperfine structure. which simplifies interpretationof itsspectra.
particularly in regions with narrow spectrallines. However, CCShas electrouicangularmowentum
due to spin, complicating determination ofitsenergylevelsand collisional cross sections. In this
paper we consider insome detail the excitation of CCSand use our calculated collision rates
to analyze observations of three CCStransitions. Withthis information wedetermine physical
conditions in 1.1498 and 1T MC1-D, two narrow-line dense cores in the Taurus molecular cloud

region.

2. CCS Fxcitation

In order to deterinine physical conditions, we require a statistical equilibrium Calculation
of level populations and line intensities. We utilized the large velocity gradient(LVG)model
(Goldreich & Kwan 1974). We emphasize that for modest optical depths, the form of the velocity
eradient, or in fact the choice of radiative transfer model, is not critical, and the I.VGmodel is
adopted here essentially as a convenience ratherthandueto any assumption that these cores are,
in fact, insymmetrical radial motion. This approach is justified by th conclusion (see below) that
the CCS optical depths, athough not alwayssmall, do not significantly exceed unity.

For'the CCS lines we have observed, spontaneous decay rates range from 4 X 107s™!
to 4 ‘x 105 s}, while collision rate coefficients are 2 to 9 x 10~ !tem®s! |, yielding critical



- 5-

densities of approximately 3 X 101 ¢m~2 to 4 x 10% ¢em™3. The molecular structure of CCS,
spontaneous decay rates, and collisional rate coeflicients are further discussed in the Appendix.
The upper levels of observed transitions range from 1.6 K to 20K above the ground state. Given
these parameters, we see that the lower rotational transitions of CCS will be excitedonly in the
rela tively dense regions of dark clouds, but together with the higher transitions, they make an
effective probe of both temperature and density throughout these regions.

“I"ne LV Gccde requires the collision rate coefficients, A-coefficients andenergy leveis for
aparticularmoiecular species 5. line intensities arethen calcuiated for arange of kinetic
temperatures, densities, and fractional abundances X{(S)zn(S)/n(H,). ‘The velocity gradient in
this code is embedded in the fractional abundances whichareentered as the {ractionalabundance
per unit velocity gradient, X(5)/(dV/dr), since the opticaldepth isprovortional to thisquantity.

We include the 37 lowest CCS energy levels with their associated collision rates. The line
intensities are presented interms Of abrightnesstemnperature 'y, defined as the temperature w hich

produces the corresponding Planck functionintentneRavieigh-Jeanslimir{ny << &77 110,
Tg = =51 (2)
a8 = Y (v =)

The CCS emission lines used fortihisstudy are ttheVy = 12 -+ 07,34 + 23 and 75 -+ 0=

transitions occur rin ¢ at approximateiv 22, 45 and 94 GHz respectively. Figure 1 shows the
brightness temperature of the three transitions of interest as a function of Ha density. The kinetic
temnperature Of the gas is fixedat 10 K and X (C CS)/(dV/dr)is set co 2.5 x 1070 (ks tpct )-,
which is the value ¥uente €t al.(1989) computed forl,1498based On observations and anl,V (i
model. Typical dense core H, densities lie in therange 10! -- 10%cm~*(Goldsmitn 1987), within
the range of the graph. For these particular conditions we see that for most deasities. the 45 Gz
transition is oredicted to be:the Strongest. Fordensitiesabove10%7 crn™ 3tae 94 GHz transition
should be stronger than the 22 GHz transition. The 45 GHz to 22 GHz line ratio appears 1o be
the rostsensitive density tracer atlower densities. The 22 GHz transition becomes opticaily thick
at higher densities than dotheother two lines.

Figures2- 4 present thebrightnesstemperatureof asingle Transition togsirerwiththeratio
of the brightness temperature of two transitions, as a function of 7y, and X(CCS)/(dV/dr)
The intersection of these contoursallowsonatopinpoint the corresponding phivsical conditions.
nu,and X(CCS)/(dV/dr} , in tire molecular cloud. We have generated output spanning therenge
of TK to 20 K for use in studies of darkclouds. Wepresentheretheintensitics and ratiosof
different transitions for a temperature of 10K, Resultstor othe temperatures are presentedin
Wolkovitch (1996).

The contours of constant 7'z (thin dashed lines)in}Yigures?2 to 4 show how thedependence
Of T'gonny, changes in the sub-therinal and thermal regimes. In the optically thin and
sub-thermal regions of the graphs, the bright nesstemperature is proportiona to the product
of CCS density and hydrogen density, i.e. 75~nccs. ny, = X(CCS). (nw,)?. Thus for
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constant T, we expect X(CCS)/(dV/dr)~(ny,)”%. In the opticaly thin and thermalized
regions of th,graph, th,brightness temperature depends only on the CCS density, andtherefore
T'g~nces = X(CCS). ny, , and we have X (CCS)/(dV/dr)~(nw,) ! The figures show that the
slopes Of the constant 7’y curves change from -2 to -1 with increasing 7H, as expected.

3. Observations

We employed the 13.6 m Five College Radio Astronomy observatory (FCRAQ) telescope in
New Salem, MA and the 3¢ m and 70 m telescopes at NASA’sDeep Space Network (DSN)in
Goldstone,CA to map two cores. Table 1 contains some relevant telescope and line parameters.
All three telescopes had comparable beam sizes, and their spectrometers gave similar velocity
resolutions ~ 0.008 kmn s-1.

Observations at FCRAO were made in December 1994 and January and June 1995,
utilizing the QUAR RY 15-element focal plane array (¥ rickson et a. 1992)and a 1024 channel
autocorrelation spectrometer. The 2.5 MHz bandwidth yields channel spacing of 3.0 kHz and a
velocity resolution of 0.008 kms! at 94 GHz. We used frequency switching with an offset Of
either 0.6 or 0.8 MHz. System temperatures duringtheobservationsrangedfrom 400 K to 630 K
In January 1995 we observed Mars and calculated a mainbeam efficiency of 414 at 94 GHz. The
70 m and 34 mDSN telescopes use a 41) MHz, 2 million channel Wide Band Spectrum Analyzer
(WBSA), with channels co-added to produce a velccity resolution of 0.008 kms™!at 22 GHlz.
The efficiencies of the 70m and 34m dishes have been measured to be 70% and 46% respectively
at the frequencies of interest (I, anger et al.1995). The receiver used at the70 m dishhada
maser preamplifier as first stagegiving asystem temperature of approximately 40 K at 22 GHz.
The 34 m antenna was equipped with a cryogenically-cooled HEMT pre-amplifier ha ving a noise
temperature of typically 130K.

3.1, 1.1498

The central position of 1,1498, «(1950):04"0750%.0,6(1950)= 25 °02'13", was taken from
a COsurvey by Myers et al. (1983). This relatively isolated object is located in the Taurus
‘molecular cloud region at an estimated distance of 140pc. NoIRASsources are associated with
this core (Benson & Myers1989). Observations in various molecules have shown 1,1498 to be
extrernely quiescent. For example, Fiebig (1090) reports an NHgjlinewidth of 0.19 krn s tand
Kuiper, Langer, & Velusamy (1996) report 0.22 km s~!, only slightlylarger than the thermal
linewidth of 0.16 km s! at 10 K.Fiebig's observations of the NH4 (1, 1) line and the 2) — 1y
transition of CCSreveal very differentspatial distributions fo,these rrioleculesin L [-193, with
the NHj emission occupying a significantly smaller region than does the CCS.The NHz map
shows a fairly round, centrally condensed shape to the core, while the CCS map reveds a larger,




slightly elliptical core with two distinct emission peaks, oune to the southeast, and onetothe west
of the ammonia peak. Maps of 1,1498 have been made inother molecules including C'30 (Zhou
et al. 1994, Lemme et al.1995) and CS (1. emmeetral. 1295).The morphology of their (S map
is similar to that of our CCSmaps. Myers etal. (1983)estimated the size of 1.1498t0be0.16
pc based on the size of the dark region on the Palomar AtlasSky Survey, and they placed an
upper limit mass onthe core of 3.2 M~_from CO observations, We used FCRAO to makeas
X 6 beam-sampled map of L1498 at 94 GHz. The integration time per pointing(which yielded
15 pixels of data) was approxima tely 5.5 hours. observations of 6 cocresponding positions atl)
GHzand 10 corresponding positions at 22 Gz were made with the DSN telescope. Integration
tirees at the DSN were approximately 20 rainu tes per position. tigure 5 shows CCS spectra att he
1,1498 central position at al three frequencies.

The CCS lines in L1498 are well fit by a simple gaussian. The linewidins 1 FWIHN atall
positions are remarkably narrcanging from0.16 to 0.20 xrm s'. At akinetic temperature of
10 K the C(S thermal linewidth is 0.09 kris-', andth us the non-: hermal components of rhe
linewidths are between 0.13 and 0.18 krns—1. Tabie 2 presents the linewidths and the brightswss
temperat ures a the posisions where CCS sSpectra were observed in more than one transition. 1he
antenna temperatures have been corrected for main beamefliciency. The mean Vi, i1s7.85km
s The linewidths presented are:hoseof the 22 GHz transitions because they have the best
signalto noise ratio. The linewidt hs of the different CCS transitions agree to within the fitting
uncertainties a all posit ions in L1498, Note that the ratios of the peak brightness ternperatures
vary with position, vossibly indicating differences inthe paysical conditions at eachlocation.

Figure 6 shows a map of integrated intensity of the 94 GHz transition. A comparison of the 34
GHz map to our 22 and 45 GHz maps (see also Kuiper, Langer, & Veiusamy 1996), indicates that
the core extends less than 350” bevond of the edee of the map, and disolays no distinct siructure in

this region. The integrated intensity peaks at approximately (307, -30”), and a weaker peak exisis
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at (-307.25"). Our maps are in exceilent agreement wizh Fiebig's CCS (N, = 20 - - 15} mao.

3.2, ITMC-1D

Wemade a 5x6 beam-sampled map of TMC -1 [) at, 9dGHzwithatypicalintegraiion
time of about8 hours per pointing. ‘i’he central position used was o(1950)= 04h38"423.0,
6(1950) :.25034'50", This map was used with a corresponding; beam-sampledmap at 45GHz,
together with a Nyquist-sampled muap a 22 GHz (L angeret a. 199<5). We interpolated and
convolved th,22 GHzdata to correspond to the positions and spatial resolution of the 453Gtz
and 94 GHz spectra. Figures 7 and 8show the 45 GHz and 94 GHz spectra {see Langeretal.
1995 for 22 GHz spectra). Figure 9 isa contou map of the total integrated intensity of the three
CCS transitions. ‘he general shape of T"MC-1D looks extremely similar in all three transitions.
athough the 94 GHztransition appears to be slightly more centrally concent rated.
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Unlike the 1,1498 spectra, the CCSline shapes in TMC-11) are not simple gaussians.ligures
rand 8 reveal the complexity of the CCS spectra in two transitions, and even more complexity iS
evident in the Nyquist sam pled 22 GHz maps shown in l,anger et al. ( 1995). Possible explanations
for the line shapes are self-absorption or multipledistinct velocity componentsalongihelinenl
sight. We may reasonably rule out absorption because the complicated velocity structure appears
in all three of the transitions. The present 45GHzand 94 GHzdata strongly suggest.asdoes
the22 GHz data (Langer et a. 1995), that there are severa clumps of gasalong the line of sight,
each having a slightly different velocity. Atleast three of these are distinct enough to be analyzed
individually. They are located at V;sp = 5.65, 5.59, and 6.11kmst and will be referred co as
the low, middle, and high velocity components, respectively,

We have fit each of the spectra with three Gaussian components, A numberof attempts
indicated that the three intensities, line widths, and centra velocities could not al be fit
satisfactorily simultaneously. If all 9 parameters were left free, the fitting sometimes prod uced
unreasonably wide or narrow components, andoccasionally negative amplitudes.In consegquence.
we constrained the parameters of thecemponentsbased on the assumptionsthat (i) the velocity
centroids of each component could not have large velocity displacements across the map;(2) the
line widths for all three components had to be similar and largerthan the thermal line width for
kinetic temperature of 10K and less than approximately 0.5k S!. .-in example of the three
gaussian fitting is shown in Figure10. Further details of the fitting procedure are discussed in
Wolkovitch (1996).

4. Determination Of Physical Conditions

We attempted to determine the physical conditions by matching the three line intensi tjes
observed with the predictions of the LV Gruodel. We diel thisby performing a x?minimizati onof
the difference between our observedline intensities andthe predictions of the LV G model. We
used the standard definition of x? (Taylor 1982),

, O (7'3;@3](14) " Tavg) (Vf))“

o(Toepa(¥)) (3)

X::

o

where Tn(oss)(#) is the observer-l pesk brightness temperature at frequency v;, and 75, vai(¥i)is
the corresponding brightness ter,peat,. prediction from th 1,V Gcode. Thestandard deviations
were taken to be the quadrature sum of the uncertaiuntiesin th gaussianline fits and the
uncertainties in the telescope efliciencies. Thesum in equation 3 is performed over all frequencies
observed at the position of interest, The estimated fractional error in wmain beam efficiency of
each telescope is 15%. ‘I'his value is based on a typical 10% uncertainty in the temperature of
planets used for the calibration and the additional uncertainty of source coupling to the beam. As
discussed below, for some positions this minimization approach was successful, while for others
there was no clear minimum that would serve to determine the kinetic temperature.
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4.1. Kinetic Temperature
‘1.1.1. L1438

For the six positions at which we observed three CCS transitions, we have made plotsoltae
minimum x? value as a function of temperature, as shownin Figure 11. Theplots appear jaggad
because the x2values were calculated on a discrete grid. The grid intervals for T . log ().
andlog, o( X(CCS)/dV/dr) ae 1X,0.05. and 0.05, respectively. At all positions in [i498. the

uncertainty in the telescope efficiency is significantly largerthan toe line fit uncertainties.

‘The graphs of x? vs. 7% in Figure11 display two distinct types of behavior. In thresof the
six positions, corresponding to theupperplot in Figure 11, the value of X* becomes quitehighat
lower temperatures, but remainsmore or less constant attemperaturesranging from8K co 20k,
indicating only a lower limitou 7. In three other positions, seen in the lowerplot in Figurell.
the x”values appear tohave an overall minimum at or below 7 K. However, the smallest x* values
forthe positions with a distinct minimum ace appreciably larger than the smailest x? values for
the positions with only a lower temperature bound. Uafortunately,since wearzmatchingthree
free parameters to three observations, we are leit with no degrees of freedom with which to refate
changes in the valueof y?touncertainties in the temperature estimate. Thereiore it IS not clear

7
E.

how significant are the differences in x*. Positions appear to fail into one of iwo categories inthe
sense of either having the kinetic temwperatu re well determined with a typicaivalueoi X, or ot
having only a lower limit of approximately 6 K, but allowing solutionsup to the maximum value
considered of 20 K.

The explanation for thsi behavior is basically the following. As seen from Tigures 2 and 3. the
ratios 15(45GH z)/T5(22GH z) and T'g(94G H z)/15(22(G H z) for any given zinetic temperature

-

T are both reasounable probes of the hvdrogen density for 10% < nyy, < 10% con =30 [f the densiy
is high, the fractional populations of all of the levels observed are close to berne thermalized. and
thus celatively indenendent of the kinetic temperature for T > 7 K. Thus. wo can determine

only a lower lirnit to T4 . Lower densities and subthermal excitation are Charac erized by smade:
values of T'5(43G H z)/T'5(22G H z). 1u this situation, the fractional population of the upper leve!
of the 94 Gz transition is very sensitive to the kinetic temperature, and we do find a pest fit 7o

the observational data for 7% in the range 5 to 8 K.

Although we are not able to deterruine the kinetic temperature definitively at every position
in 1.1498, the results for the positions with well- defined 7’5 are consistent with other observations.
Benson and L’[eyers(1989)usedN}hobservations of 1.,1498 to arrive at atemveratureof 10.1 K.
Fullerand Myers (1993) used observations of a heavy nioclecule, HC3N, and a light molecule, NHj,
to separate thermal and non-thermal velocity components of spectral lines. They arrived a a
kinetic temperature of 7.7+ 1.3 K, Fiebig(1990) performed a similar analysis with seven molecular
species Of varying weights,andarrived at a kinetic temperature of 9.6 X 1.3 K. However, using
a variety of molecular species to determine the temperature in dense cores may be problematic
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because of the observed tendency of different molecules to trace different regions within a core
(Myers et al. 1991, Swade 1989). This chemica differentiation isalso evident in L] 498 (Kuiper et
al. 1996) and TMC-1D(Langer et a. 1995).

our results from CCS are consistent with theoretical expectations for a cloud in awell-shielded
environment. Calculationsbalancing the rate of heating and cooling in dense cores (Goldsmith &
Langer 1978, Miran 1994) indicate that the heating and cooling mechanisms in molecular clouds
place a lower limit of approximately 6 to 8 K on dense core temperatures.In our data half the
positions in 1,1498 do not incline towards a particular temperature while the other half indicate
temperatures which may be as low as 7 K, Because of this uncertainty, we will adopt a kinetic
temperature of 8.5K throughout 1.1498, the average between our lowest derived temperature
and other evaluations of about 10 K.1he dependence of derived density andcolumn density on

temperatureare discussed in Section 4.2.

4.2.2. TMC-1D

In @ manner similar t0 1.1498, we performed a x> minimization to determincthe best-fil
physical conditions in the velocity components of TM(C-11). The standard deviations were again
taken to be the quadrature sum of the fit uncertainties and the telescope calibrationuncertainties.
The uncertainties in the fits were taken to be the larger of 10% of the brigh tness temperature
and the rms noise. The calibration uncertainties are cornparableto the fitting uncertainties in
the data. As for 1,1498, the x? minimization was satisfactory onlyforafractionofthepoints
observed inTMC-1D. Therewas Nno obvious differencein the spatial distribution of these two
types of positions. Tclle et al (1981) used N1;observations of TMC-1Dtoestimate a kinetic
temperature Of 101 1 K. This temperature may not be ideal for assessing our observationsbeca use
of the tendency of NI, and CCS to trace different components of the gas distribution. Asfor
1.1498, we will assume akinetictemperatureof 8.3 K.

4.2. H; Density and CCS Column Density
420 11498

We computed the best-fit values of both ny, and X(CCS)/(dV/dr) within 11498 by fixing
Tk as discussed above and finding the minimum value of y2in2-dimensional parameter space.
Thereare three different CCS line observations at six positions in 1,1498. Fixing7'x leaves two
free parameters in the mode], ny,and X(C'CS)/(dV/dr). Since thiaumberof degrees Of freedom
v is defined asthe number of data pointsninus th,nuinber of free parameters, we were therefore
left with’ one degree of freedom. Forv =1 the 68% and 95% confidence intervals on x%are
x? < 1.0 and x? < 3.8, respectively. Though our techniques are not statistically rigorous due to
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the uncertainty in 7' , we willuse these confidence intervals as guidelines

Figure 12 shows 5 typical plot of th, y2 contours for density and CCS abundance.
Theslant of the x? ellipse implies that as the best-fit value of ny, increases, the best-fit
X{(CCS&)/(dV/dr) decreases, and vice- versa, as discussed in Section 2.7Table3contains the bes C-it
densities and CCScolumn densities at 7 = 8.5K.The best-fit H,densitiesarelargerat7K
than at 8.5 K by factor of ~ 3. Th typical density atlQX issinallerthan the densityat 3.5 Kby
afactorof ~1.5. Weighting the densities by their x? probabilities and averagirothem gives mean
volume densities at 7 K, 8.3 K and10 K of 1.4 X 105,3.3 x 10¢ and 2.3 X 10% ¢~ 3, respect ively.

‘I'he best-fit CCS column densities change very little with temperature. This insensitivity
results from the fact that N(CCS)isproportional:o the integrated CCS intensity whichis fixedin
the x* minimization. The column density in L1498 also remains remarkably constant at different
positions. At 8.5 Kthe weighted mean CCS coluran density is 5.5x101%¢m ™. Table4 contains a
comparison of this value to otherestimatesof N(CCS) in 1.,1498. Ourvalueis extremely closeto
the estimates bv Fuente er al. {1990) although it is smaller than Suzukiet al.’s column density by
a factor of about 2.3.Figure 6 showsthat L1498 mayv be approximated asaneilipse with amajor
axis of 0.16 pc, and minor axis Of .10 ve, assuming a distance of 140 pc. We may reason ably
estimate the line of sight depth of the cloud as the average of these two dimensions, arriving at
D =0.13 pc. The fractional abundance of CCSis N{CCS)/(D ny, ) = 4.9% 19710 This value is
smailerby a factor of ~ 16thanthe CCS abundance in T'MC-1D previously deierminedby Suzuki
et al. (1992) to be 8 x 10”, and very similar to the fractional abundanceof +x 1010 predicted
by Smith et al.(1988) using chemical evolution modeisof TMC-1D. Another chemicalevolution
model by Millar and Herbst (1990) predicts a fractional CCS abundancein TMC-1Doltxiu?

4.2.2. TMC-1D

For TM C-1Djas in L1498, we founci the vaiues of X({CCS)/(dV/dr)and ny;, which min bmized
x* for each position, assuming a temperatureof .3 K. In computing column densities from the
best- fitvalues of X(C'CS5)/(dV/dr) , we took the velocity linewidth to be 1pe average width of
the gaussian components for allthree transitions. Figure 13 shows a diagram of the best-fit
hydrogen densities superimposedonacontourman of 22GHzCCS emission {rom T'MC-1D
integrated over the appropriate velocity interval corresponding to each comp onent. Qur calculated
densities vary from 10%to 10°cm~3. The very highest densities are somewhat suspect becayse of
the sensitive dependence of th derived density onthe 94CHzlineintensity .andthe relatively
large uncertainty in this quantity, About380% of thepositionsin the high- and middle-velocity
components have best-fit densities between103%andi103?¢m™3, and 90%of the positions in
the low-velocity component have best-fit densities between 1030 and 1044¢crn~2. Therefore the
low-velocity component of TVMC-11) is characterized by a somewhatloweraverage density than
the middle- and high-velocity components.




_]2~

The average densities in the low (5.65 £ms~!'), middle (5.89&ms~!) and high (6.11 &
S1, velocity components of TMC-1D are computed to be 1038403 1043205 534 1043 £0.4 ¢ =3,
respectively. ‘I’able 5 presents a comparison of our values to densities derived by other observers.
Our values for the middle and high velocity components seem fairly consistent with previous
results, although the low-velocity component has an apparently previously-uarecognizedlower
density.

We also compare our derived CCScolumndensity to previously oWrmined vidaes. Boecnuse
our valuesof N(CCS)are for the individual velocity cormponents aong tneline of sight. wemay
estimate the total column densitv along the line of sight bv summine the columundensitios atthe
same spatial position. Thetotal column density at the TMC-1Dcentral position is then 3.3x 10"
cm~2. Table 6 contains 2 comparison of our value to previous estimates of CCS column density

in ‘I'NIC-l I). All of the estimates are fairly consistent. Figure 14 overlays the computed coluin
densities on the 22 GHz emission map.There appears to be a significant correspondence between

CCS column density and 22 GHzCCS emission.

Asfor 1,1498, we may estimate the absolute CCS abundance in TM C-11). While there are
three distinct velocity features in TMC-1D), we use the central velocity component for our estimate.
as it appears to be the most wel]-defined spatially in Figures13 and 14. We may approximate
the shape of this component by an ellipse with major and minor axes of ~0.16 and 0.11 pc,
respectively. We will assume the line of sight depth ot this component to be the average of the
other two dimensions. Then using the column density of the cextzal position of 10127 em =2 and
the average H» density of the central component of 1.9x 104cm ™3, we obtain a fractional CCS
abundance of 5.8x 1010, Thisvalue is very closto the X(C(CS)determined for 1,1498 (see Seer, ion
4.2.1.), Our value is also consisten with th predictions of chemicalevoiution modelsby Smith
et al. (1988) and Millar and Herbst (1990). although our value is significantly smaller than the
absolute abundance of 8 x 10-9 derived by Stutzukiet a. (199'2).

5. Iliscussion

With the density, size, kinetic temperature, and velocity distribution we can estimate the
structural and dynamical properties of the dense cores traced by CCS.Vhegeneral shapes of
1.1498 and TMC-1D look similar in all three transitions, although the 94 Gz transition appears
to be slightly more centraily concentrated. Thissmaller emission distribution could be due to the

higher densities required to excite the N, =7slevel.

5.1. Mass Estimates and Virial Equilibrium

Using the size estimates for 1.1498 from the extent of the CCS emission (see previous section)
and the mean density from Table 3, we estimate a mass for 11498 of 2 M, (taking g =:2.33
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amu as the mean mass per particle). We may get aroughideaof whether ornotl. 1193 is
gravitationally bound by calculating whether it is invirialequilibriuru. [n th e simplest scenarto.
such an equilibrium requires a balance between gravitat ional potent ial energy and kinetic cnerey
from thermal and non-thermal motions. MacLaren of al. (1988) show thal a 5L)lf-g,raviL;LL}ng,
sphere with a power law density gradientin virialequilibrivin has amass

My = k2R(AV)? Mg, (1)

where R is the cloud radius in pe, AV is the line-of-sight velocity F'W HM of an H, molecule Tn

kms™! | and k2 is a constant which depends on the density gradient. £y = i125forn x77 %, 4y =
190 for . =1 and k2 =- 210 for constant ».Fquation4 does not account fersheeftectsof 1,
gas pressure of the surrounding mediur.

Before calculating; the virial mass of .1498, we must compute thelinewia:h of Hyemissionin
1.1498 because the thermalpressure is provided mainly by tne hydrogen. I we assume 1 hat COS
is tracing the motions of the buik of the gas, then the non-thermal portions c:fthe CCSand
linewidths should be the same. and only the thermal motions will differ.Since we know thekinetic
temperature of the core, the total H, linewidth is

2 | -2, 2 3 N oL 1 L \ ‘-

AV,” =8In(2)  — - + AV~ = AVeeg™ + 8 In(2)- &7 - <;im S o) '3)

From the average CCS linewidth of 0.1S0 kmsha L1498, we cO mpu te an Fo linewidth of 9.47
km s-! for 7% =8.5 K.

Using equation 4 and assuming; a fairly flat density lawnocr!, as suggested by the present
observations and those of Zhouet a. (1994), we calculate @avirial mass of 2.7 Mg forthe L1483
core. Our estimated virial mass is only 30 percent largerthan the gravitational mass. 1.1498 thus
appears to be close €0 virial equilibrium. Thisanalysis is approximate decausa L1498 dees not
apvear to be spherical, however a studvby Mversetal . (1991)of dense cora S'napes indicases
thatsome elongation of acore does notirexific antly affect the virial equillorium estimates, Vhe
previous analysis excludes theeffects of pressureof the surrounding rnediurn on the core. Only a
modestamount Of external pressure willresultinthecorebeing bound,

The sub-structure seen in Figure 6 could be due to density variations inthe core or sirnply
chemical variations. Fiebig (1990) has per formed avirial analysis on onlythesouthera *ciump”
visible inL1498. Heestimates a mass of 1.1 M, for thisclump and findsthatthe gravita tjonal
potential energy is approximately thesame as the therinal energy in the cloud. This result is
consistent with our calculations. However, there has been a recent suggestion that the twolocal
maxima Seen in th.22 GUz CCSemission, 0,€ in th nort hwest arLd the other in the southeast,
are not separate clumps. Instead Kuiper et al, (1996) have proposed that this emission represents
lirmb brightened emission from a shell of CCS. If CCSexists only in a chemical shell then our maps
do not trace the central part of the core seen in NH; emission by Fiebig(1990). Such a chemical
and emission shell would explain our derivation of a relatively constant density over 1,1498 (see
Table 3).
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In TM C-1 D we calculate the masses for each of the three different velocity components
assuming a cylindrical volume with the diameter given by the width of the CCS 22 GHz emission.,
0.1 pc, and the height by the length of the maor axis, 0.16 pc.Using the mean density forthe
low, middle, and high velocity components in Table5 we find corresponding masses of 0.4, 1.3,
and 1.4 Mg. ‘The virial masses My are calculated using @ mean radius R = (.06 pc and AV
of 0.47km s !.For a constant or siowly varying density profile, consistence with our analysis of
TMC-1D, we find My, about 2.7 Mg. Thus the T MC-1D cores @r€ unbounda bylactors of 2t0
7.For these cores o remain coherent structures for longtimeswouldthenrequireasubstantial
external pressure, as might be provided byexternal magnetic fields (cf. Bertoldi and McKee 1992).

5.2. Correlation of N(CCS) with Density

Comparison of column density N(CCS) and volume density ", offers a means of investigating
variationsin hydroge,density together withchangesinthefractional abundance of CCS.For
TMC-1D we find a weak inverse correspondence between these quantities. Figureldisalog-log
plot of derived N versus ny, for the three velocity components. [n these plots we have omitted
data points with largest uncertainties. Only the low velocity clump has a statistically weaniuglul
inverse correlation, with linear fit to this plotshows that N(CCS)x 10'*1.n"%2?cm~2. The
other two clumps have oniy weak correlations withN{CCS)x n'°°", and cannot be distinguished
from an essentially flat distribution. This is similar totheresult of column density having no or
only weak correlation with the density foundin Giant Molecular Cloud Cores, using HC3Nto
determine density (Bergin et al1996). one possible explanationfora partol thisbehaviorisou
assumption of constant kinetic temperature, For TMC-1D we wereunabletodetermineakiuetic
tempera ture self- consistently from our minimumization analvsis and fixed the value at 2.5 K 1
the analysis here the density solutions are sensitive t0 the emissionintensitv of the 94 G Hzline
which liesabout 20 K above thegroundstate. Thus. cuodest changesin/no 111 havdaiety L on
eftect on 7ty . If the low N(CCS) regions areslightly warmer thawitteshigher column
density, the density calculated here will be lowerthan th true deusity,thusfiattening what would
actually be a modest positive correlation between N(CCS)andn(H,).

5.3. Filling Factor

The molecular hydrogen densities determined from anexcitationanalysis of CCSarc
moderately large for dark cloud cores, 6-30 x 10°cirl 3 The fact that these are reasonably close
to the mean densities obtained from th, virial massesof the dark cloud cores suggests thatthe
filling factor for this gas is not far from unity. This is very different from the low filling factor
implied for dense gas in GMC cores (Snell et al.1994), and imposes significant restrictions on any
“clumpy)’ model that might be developed to explain the structure of dark cloud cores.
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6. Summary

Wehaveundertaken astudy to determine the physical conditions in two narrow-line dark
cloud cores, L1498 and T'M C1-D, using observations of 3 transitions of CCSatcomparable spatial
resolutions Of 0.035 pc,togsther with an excitation modei for CCS.

We computed the CCS-H,spin-free collision rates in the close- coupied (CC)approximation.
‘These rates represent an improvement over thethe OCS-Hsrates used by other observers
to estimate CCS-H, collision rates, principally because ourraieswere calculated in the CC
approximation. However, because CCSexhibits intermediate Hund’s case coupling,usinga
method derived in the Hund'scase(b)approximationto account forspin-dependenceinthe rates
introduces some Uncertainty into our final rates{ses Appendix).

We used a1,V Gmode!l with our calculatedcollision rates to predic: CCSemission at a variety
of kinetic temperatures, densities and CCSabundances, although sincecthelinesobserved are not
very optically thick, the results should not be highly dependenton the radiative transier model
emnployved. We found that a combination of three transitions at 22 GHz.45GHz and 94 G Hzwas
a good tracer of abundance and densitvincores.[p a reasonable fraction of sositions o bserv ed.
we were alsoable to determine fairlvaccuratelv the kineticteriverature, whiieat other positions

onl‘/»a Iower limit could be found.

E Ni?bfirwmmora of 11498 reveal itto be anextremely quiescent core withlinewidthsof --0.19
km 5o ,implying that the non-thermal kinetic 2nergy in the core velocity is only about A third
aslarge as the thermal energy. Amapof CCS94 GHzemission is relatively smoothbut with two
distinct components within thecore We findtha L insome positions in the corethe best-fit kinetic

temperature is approximately 7 K, while a other posit ions only alower temoerature bound can
be (determined. We fixed the l\.nemc ternperature to be 8.3 Kinside the core and determined
the best-fit molecular hydrogen density an d CCS column density at 10 positi ons in [ LG8, The

densi ty and CCS column density showed only modest variaticvoicaily < facioroliwo anc
three, respectively) arongthese positions. Wefoundantvalensitv of 3.3 10" crn™ Fand
an average CCScolurmn density 01" 6. 3x1022m =% We estimate a fractionalCCS abundance 01°
4 9x10- 9inl,1498. We do not see asignificant densitv variation fromedge o centerofthe
condensations we have mappesvhich iS consistent with a model where CCS cruission cotmes [ro

a uniform shell. The mass estimates of the [,1498 core reveal that it is close to virial equilibrium.

Core TMC-1D is comprlsed of three veiocity components alongthe line of sight centeredat
approximately 5.65 kms—! 5.80km s!, and 6.11 £k s—'. We fit gaussians to the individual
coraponents and find ther to be extremely quiescent, with linewidthsranging from barelylarger
than thermal (0.09 km s~1) to about 0.23 km s~!:Fach component was mapped over a 4’ by &’
region, Similarly to the procedure for 1,1498, we fixed the kinetic temperature of the core at 8.3K,
and determined the best-fit }{, density and CCS columndensity at 30 positionsin each velocity
component. The average densities fo,the three components are 6.3x 102, 2x10* and 2x 104 cm 3
respectively. The three ‘(clumps)’ in T'MC-1D have masses ranging from 0.4 to 1.4 Mg and appear
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to be gravitationally unbound. As for 1,1498, the 1, density shows little variation with position
in all three velocity components. We estimate a fractional CCS abundance in the central velocity
component Of 5.8x10™.

The CCS energy levels and A-coeflicients used in the computations were takenfromthe JPL
molecular catalog maintained by H. Picker. t, R. Poynter and E. Cohen. We would especially like
to thank Dr. Pickett for several userul discussions regarding the molecular structure of CCS
and the use of the JPI, Spectral Line Catalog. The computer codes to perform the molecular
scattering calculations, to perform the weighted collision rate average, and to re-introduce spin
dependence into the Hq-CCS collision rates were supplied by S. Green in conjunction with very
valuable discussions concerning their use. We were assisted in the 94 GHz observations at 'CRAO
by E.Bergin and R. Kleban.T.B. H. Kuiper, 1. Velusamy and S. Levin carried out most of the
22 GHz and 45 GHz observations at NASA’'S DSN telescope facility. Part of this research was
supported by a NASA grantto theJet Propulsion Laboratory, California, Institute of Technology.
Research at Cornell University is supported in part by the National Astronomy and lonosphere
Center. TheFive College Radio Astronomy Observatory is supported in part by the National
Science Foundation under grant AS7'94-20159and is operated with permission of tae Metropolitan
District Cornmission, Commonwealth of Massachusetts.

A. Molecular Structure of CCS

CCS is a symmetric linear molecule with two unpaired spins, producing a total electronic
angular momentum § =1, It has no orbitalangular momentum (/ --0) and instandardmolecular
notation of2s+1p CCSisa’isiate. pye to its relatively large momentof inertia, /=77 amu-A\?
(Murakami1990),the rotational levels of CCSare closely spaced, yielding a large nuraber of
transitions in the cm and mm bands. Theenergy level diagram fora ¥ mole culeis similartothat
of a spin-free linear molecule, but the interactionofspinandrotationalangular momenta splits
each rotationallevel into three components. Thetotalangular momentum J is the vectorsum Of
rotational angular momentum Nand spin angular momentum S. Therules of addition for angular
momentum allow J to take on any integer value between J- N +Sand/J:|N -- 5], inclusive
Therefore, for each value of rotational angularmomentum /V,thetotalangularmomenturmmay
have the values

J = N+ 1, J = N, J = N--I (A1)

with the exception of the N =(level which is not split. Thethreelevels in equation Al are
labeled #1,F,, and F5 respectively, and correspond to different projections of S ontothe nuclear
axis.
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A.l. Hund’s Cases (a)and (b)

Precise calculation of th erergy levels for a molecule with electronic angular momentum can
be difficult, because the state energies depeud on thesirengtin of the interactions betweenthe
various molecular angular momenta (e.g. spin, rotation. orbital). To simplify this problem, Hund
developed a classification scheme for linear molecules. based on five idealiz od molecular models.
denoted Hund’s cases (a) through (e). The cases are differen tia ted by the cefative st renglis othe
coupiing of the different molecular angular momenia amon g each otherand with | aeiniernudear
axis of the molecule. Hund's cases are idealizations. and wvany molecules, inciuding COS are
hybrids of two or more of thesescnemes. CCS falls somewhere betweentund 'scases (a) and (b).
Adescription these two cases astheyappiviothe CCS molecule therefore foilows. The readeris

- f o v AN . [ . : r . N cacna
referred to Townes and Schawlow (1975} for a more general descripyion of Huad's cases.

Inthe Hund’s case (2) model of CCSthe strongest coupling is between the €lectronic angular
momentum (due strictly to spin for CCS)yand the inte rnuclear axis. The projection of electronic
angular momentum Sonto the nuclear axis, denotea I isfixana adds vectorially to the
rotational angular momentum overator N to give total angularmomenatum J.in thisidealization,
Sprecesses around the internuclear axis. which in turnprecesses around J. Figure 16 diagra ms
the angular momentum coupiing of Hund’scase{a).

In Hund’s case (b) the coupling is strongest between the spinangular momentuin S and the
rota.tiol~al angular momentum N.The vector sum of Sand N gives thetotalangular momentum
J, whose projection onto the internuclearaxis is denoted (). Because spin-orbit interaction is
usually responsible for the coupling of Stotheauclear axis, molecules like CCSwith orbital
angular momentum J, = ¢ tvpically hav e svincoupled only weakly tothe nuclear axis,and
thersfore Hund’s case ('0) is the most appropriate description.In this case,the nuclear axis of the
molecule precesses around the vector suin of the soin and rotational angular momenta. as seen in

Fignre 17,

At high rotational energies. Hund’s case (b)isa good representationol = CS. However, {or
smail values of .V coupling between the svin and nuclear axis mav be comparableto the coupling
ot svin and rota tional angular momentumn, arid the effects of Hund’s case (a) must be taken into
account. The deter mination Of energylevelsandlinestrangths for CCS is acomplex undertaking.
The transition frequencies and line strengths for CCS and a greatmany other molecules are
available in a molecular line catalog developed at JPI, (Pickett et al.1991). To clarify the
characteristics of the transitions w= have observed, we showinFigurel8theenergy levels for CCS
below approximately 50 K. The computer algorithmused to solvethe Hamiltonian of a rmolecule
with spi,is describedbv Pickett(1991). The Einstein .A. -coefficients canbe calculated from the
line intensities according to the formulas giveriinthe JPL line catalog. Table .-\ [ lists the firs 1 60
allowed transitions and thei Einstein A-coefficients. When using the JPL catalog for calculating
CCS transitions or A-coeflicients, one should be careful to note that the labels of the ¥,=-2, and
0,levels are reversed from those used in this and most other papers. This ambiguity sterus(rom
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the fact that N is not a good quantum number at lower rotational energies (cf. Wolkovitchl 996)

A.2. Computations
4.2 .1, Cadculation of Collisional Cross Sections

We used a molecular scattering code called Molscat to calculatethe CCS-H, collisional
cross sections. This code was originally written by Dr. S. Greenof NASA /GISS, and has
been maintained and developed by S. Green and J. Hudson since 1936.[ttakes asinpuisthe
intermolecular potential and the energylevels and reduced mass ofthe colliding particles. and
computes cross Sections. We used this routine 1,0 caiculate crosssectionsinthe (lose Couploed
(CC) approximation.

In a collision of two rigid rotors, the potential devends on the distance between the molecules
as well as their relative orientation. One can reduce the parametric dependence of the potential
surface in our CCS-H, system to only two variables by making two approximations. Thefirst
is to treat Hoas a structureless particle. Since its lowest excited energy state lies above 300
K, collisions] excitation of H, is extremely unlikely to occur in a molecularcloud wherekinetic
energies are of the order of 10 K. The vase majority of Hoin molecular ciouds will be in the lowes:
energy sState. ‘The second approximation is to ireat CCS as asimplerigid rot, or, neglectingits
electronic and vibrational angular momentum. Thus we willobtainstate-to-state Cross sections
only for the spin-free rotational CCS energy leveis. Methods for the re-introduction of spin
dependence into the collisional cross sections are discussed below. Withthese two approximations.
the potential depends on only the center-of-mass separation 7, axud the angle between the rotor
and aline joining the centers of mass of thetwoparticles.

The intermolecular potential used forthe calculations of thecross sections Was taken from
anab-initio interaction potential for OCS-H, collisions published by Green and Chapman{19738}.
The potential was tabulated for £ intherange3.0ag< R <9.5agat intervals of 0.5ag(¢y = the
Bohr radius), and for 13 equally spaced angles® where 0° <8 <180°. Aspline interpolation
routine, spline.f, provided by S. Green was used to compute the potentialatnon-griddedpoiuts.
We accounted for the mass difierence betwee,CCS and OCSwhen <ntering the reduced massof
the CCS-1, system into the scattering code.

Since OCS has S == 0, the O CS-H, potential could only provide the spin-free rate coefficients
Molscat cannot currently compute cross sections fo spin included energy levels; even if it could,
time considerations would make this option unattractive. Includingspin effectively triples the
number of accessible energy levels of a rotor, and in the CC approximation the computer time
required would be nearly two orders of magnitudelarger! Methoas of including spin in the cross
sections. in a more tractable and eflicient form are discussed below.

Many different runs were performed at various energies to get a complete sampling of cross
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sections to be averaged into the ratecceflicients. As the collision erergies increased, more and
more scattering channels were needed in the computation. We specified the nighest rotational
state used in the calculation to have higherenergy than the kinetic energyofthe collision, thus
insuring that all open channels were included. Rather than specifying the maximum number of
spherical harmonics, ‘we let the program run with increasing values Of [untila satistactory levelof
convergence was reached.Thedefault tolerances in Moiscat are 30% for diagonal matrixelements
(corresponding to eiasticcollisions)and0.5% for off-diagonal (inelastic collision) matrixelements.

Aprogramto compute she spin-free collision rate coeflicients from the coilision cross sections,
sigrate.f, was also orovided bv Dr. S. Green. Agreement with detailed balance was checked for the
independently- computed upwards anti downwards coefficients. It wasfoundthat quite a few oi the
coerlicients did not cotnply with detailed balance. Agreement was significantly better asthe ratio
of collision energytothelevel spacing betweeninitial and final statesincreased. Themajority of
the coeflicientsagreed to within 20%.

The accuracy Of our coilision rare coefficients isimportant for our anatyvsis.hut it isdifficult
to verify the results of acalculation of thiskind.In order to checkthe reasonableness of our
coetlicients, we compared the soin-free CC S.H, collision rate coefiicients in ;he Coupled St ates
{CS)apouroximation (also supported by Molscat), to the rate coefficients for the OCS-H,system
vuoiished by Green & Chaprman (1978). Their rateswere computer! inthe CSaporoximation. anti
although the rotational constantsoi QCS dirter somewhat from CCS. and the reducediniass ol e
system is slightly different, we would exvecttherates to be similar.A comparison of the twosets
of rates reveals that they are extremely similar, with typical differencesollessthan 10 % Details
of the results and comparison with the Counled States approximation canbetoundinWolkoviten
(10%Y.

4.2.2. [nclusion of Spin Dependence

In this section we discuss two methods of incorporating the effects of spin dependence into
collision rates betweenthe pure rotational levels of CCS. The first method, which was the one
adopted for our computations,usesthetund’scase (b) approximation toarriveat ascaling
formula. ‘The second methodis more specific to molecules with Hund's casea)and {(b)mixiog.
but it only allows one to estimate roughly the spin-dependent collision rate coefficients.

A.2.3. 10§ Scaling of Rate Coefjicienis in the Hund’s Case (b) Approzimation

As mentioned previously, it is easiest to include the spin-rotation interaction in the collision
rate coeflicients after the spin-free coefficients have been computed. A technique developed by
Corey and McCourt(1983) uses the Hund’s case “(b) and coupled-states (CS) and infinite order
sudden (10S) approximations to perform this task. Alexander (1982) has performed a similar
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Fig.13.-— Logyg of th best-fit hydrogen density for the three velocity components in TMC-1D
(from left to right, 5.65,5.89, and 6.11kms~!). Values are overlaid on the contour maps of the
22 GHz brightness temperature integrated over velocity , for each component. Figuresin bold font
have x° <4.

Fig.14.-—Logig of the best-At CCS column density for the three velocity components in T'MC-1D
(from left to right, 5.65,5.39, and 6.11 kms~!). Figuresare overlaid on the contour mapsof the
22 GHe peak brightness temperature.

Fig.15.~ Log-log plot of derived N(CCS) versus n, in TMC-1Dforthethree veiocity components.
Frror bars for middle velocity component data have been omitted foc clarity.

Fig. 16---- Diagram illustrating Hund's case (a) couplingof N, S, J

Fig.17.— Diagram illustrating Hund's case {'0) coupling of N, S, J

Fig.18 . ... Energyleveldiagram for ¢(CS: th,states are labeledby the quantum numbers ¥V;.In
this work we observed the Nj=1,-+0,34- 2,, and 78 -» 67 transitions af Trequencies 22.3,
45.4, and 93.9 GHz, respectively.
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log1o X( CCS)/(dV/dR) = -9.60 (pc/(kms1))
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